Little is known about the variability of response to heavy metal stress within tree species, although it could be a key for a better understanding of tolerance mechanisms and for breeding. The aim of the present study was to characterize the natural variation of response to cadmium (Cd) in Populus nigra L. in order to understand the mechanisms of Cd tolerance. For that, two P. nigra genotypes, originating from contrasting environments in northern (genotype 58-861) and southern (genotype Poli) Italy, were exposed to Cd stress in hydroponics for 3 weeks. The effect of stress was estimated by measuring biomass production, photosynthetic performance and accumulation and translocation of Cd at the end of the experiment. To better understand the mechanisms of Cd tolerance, the expression of some candidate genes involved in the ascorbate-glutathione cycle (ascorbate peroxidase, glutathione reductase, glutathione S-transferase) and in metal sequestration (metallothioneins) was analyzed in leaves. Biomass production and photosynthesis were affected by the treatment in both clones but the southern clone was markedly more tolerant to Cd stress than the other. Nevertheless, the Cd content in leaves was not significantly different between the two clones and was quite low compared to other species. The content of thiols and phytochelatins (PCs), associated with the transcription profile of the glutathione S-transferase gene, indicated relevant differences in the use of the PCs pathway under Cd stress, which could explain the different tolerance to Cd. The northern clone accumulated thiols but down-regulated the GST gene, whereas the southern clone accumulated PCs and up-regulated the GST gene, which can be useful to complex and detoxify Cd. These results suggest that the glutathione pathway is involved in the differential Cd tolerance of the two genotypes. The natural germplasm of P. nigra represents a valuable resource for understanding tolerance to Cd and for selection of plant material for phytoremediation.
Introduction
The main mechanisms involved in plant response to cadmium (Cd) toxicity are (i) the production of oxidative stress by enhancing the level of free radicals and reactive oxygen species (ROS), (ii) the strong affinity for thiol groups contained in cysteine residues of proteins and (iii) the competition for the absorption site between Cd and several mineral nutrients sharing similar chemical properties (Schützendübel and Polle 2002 , Rivera-Becerril et al. 2005 , Paradiso et al. 2008 . These mechanisms lead to visible injuries in plants (leaf chlorosis and browning of root tips), and to a reduction of photosynthesis and water and nutrient uptake, resulting in poor growth and low biomass accumulation (Dixit et al. 2001 , Schützendübel et al. 2001 ).
Research paper: Part of a special section on poplars and the environment
The two main ways of reducing Cd effects in plants are (i) by lowering Cd absorption and uptake or by binding and sequestration to biomolecules, and (ii) by synthesizing antioxidant molecules (Pál et al. 2006 , Lyubenova et al. 2007 , Romero-Puertas et al. 2007 , Jin et al. 2008 ). Enzymes and biomolecules of the ascorbate-glutathione cycle are involved in scavenging of ROS and in inactivation and storage of Cd (Jiménez et al. 1997 , Mendoza-Cózaltl and Moreno-Sánchez 2006 , Jin et al. 2008 . Important molecules of this cycle are ascorbate peroxidase (APX), which prevents the accumulation of the strong oxidant H 2 O 2 , reducing it to H 2 O; glutathione reductase (GR), which maintains a high S-glutathione (GSH)/ oxidized glutathione (GSSG) ratio for protection against oxidative damage (Jin et al. 2008) ; and GSH, a precursor of phytochelatins (PCs), which can chelate Cd to reduce its toxicity. The conjugation of GSH to cytotoxic substrates is accomplished by glutathione S-transferase (GST) enzymes (Dixit et al. 2001 , Mendoza-Cózaltl and Moreno-Sánchez 2006 , Romero-Puertas et al. 2007 ). Metallothioneins (MTs) are also cysteine-containing metal-binding ligands, which are low molecular mass cysteine-rich proteins and may play a role in intracellular sequestration of Cd (Kohler et al. 2004 , Rivera-Becerril et al. 2005 , Castiglione et al. 2007 ).
Many studies showed that plants evolved different strategies of response to Cd stress, which are more or less efficient (Dixit et al. 2001 , Bovet et al. 2006 , Fischerová et al. 2006 , Jin et al. 2008 , Xing et al. 2008 . The genus Populus has a wide natural variability due to its adaptation to contrasting environments. Recent studies have compared the potentiality to tolerate and accumulate heavy metals in various poplar species, and most authors concluded that Populus nigra (P. nigra) has a good potential for phytoremediation (Laureysens et al. 2004 , Dos Santos Utmazian et al. 2007 , Stobrawa and Lorenc-Plucinska 2008 , Zacchini et al. 2009 ). Nevertheless, Dos Santos Utmazian et al. (2007) and Zacchini et al. (2009) reported an important variation in the response to heavy metal stress between P. nigra clones.
The variability of response to Cd stress within species could be a key for a better understanding of tolerance mechanisms and for breeding. Therefore, the aim of the present study was to characterize the natural variation of response to Cd in two P. nigra genotypes, coming from contrasting environments, in order to identify the differential mechanisms of Cd tolerance. For that, rooted cuttings were exposed to Cd in hydroponics and the effects were assessed by measuring biomass production, photosynthetic performance, Cd accumulation and translocation, and tolerance index. In order to investigate the molecular basis of Cd tolerance, the expression of some candidate genes involved in detoxification-sequestration mechanisms (APX, GR, GST, MT) was analyzed in leaves and further biochemical analyses were carried out to clarify the changes in the glutathione pathway.
Materials and methods

Plant material
Two P. nigra genotypes presenting divergent phenotypes were selected in natural Italian populations. The genotype 58-861, a female plant, was collected in Northern Italy (45°09′N, 7°01′E), near the Dora river and close to the Italian Alps, at 597 m altitude a.s.l. The second genotype, Poli, was a male plant originating from southern Italy (40°09′N, 16°41′E) , near the mouth of Sinni river, close to the Ionio Sea, at 7 m of altitude a.s.l.
Growth conditions
Stem cuttings (20 cm long) taken from poplar genotypes 58-861 and Poli were rooted and grown in pots filled with 3 l of third-strength Hoagland's nutrient solution, pH 6.5 (Arnon and Hoagland 1940) . Cuttings were grown in a controlled climate chamber equipped with metal halide lamps (Powerstar HQI-TS; Osram, Munich, Germany) providing a photon flux density of 300 µmol m −2 s −1 for 14 h at 25 °C. During the 10 h dark period, the temperature was 20 °C. The relative humidity was 60-70%. Plants were allowed to develop roots and grow for 3 weeks in hydroponics before the Cd treatment was started. At the end of this period, cuttings of each genotype were selected, weighed, randomly assigned to two groups of treatment, and fed with third-strength Hoagland's solution containing 0 µM (control) or 50 µM CdSO 4 (Sigma, St Louis, MO, USA) for 3 weeks. The nutrient solutions were completely replaced twice a week to prevent depletion of metals, nutrients and oxygen. Each treatment group consisted of six cuttings per genotype.
Biomass partitioning and tolerance index calculation
At the end of the experimental period, leaves were placed in a drying cabinet at 80 °C until a constant weight was reached and finally weighed.
Tolerance index (Ti) was calculated to measure the ability of plants to grow in the presence of a given concentration of metal, according to Wilkins (1978) 
Cd determination
Cadmium concentration in filtered digested leaf samples was measured by an atomic absorption spectrophotometer (Perkin Elmer, mod. 2380, Norwalk, CT, USA) equipped with a graphite furnace (Perkin Elmer, mod. HGA 400, Norwalk, CT, USA) following the protocol described by Zacchini et al. (2009) .
Gas exchange and chlorophyll fluorescence measurements
Net photosynthesis (A), transpiration rate (E), quantum yield (ΔF/F m ) of electron transport through photosystem II (PSII) and quenching coefficients (photochemical quenching (qP) and non-photochemical quenching (NPQ)) were measured in a cuvette on the last fully expanded leaf with a gas exchange system (HCM 1000, Walz, Effeltrich, Germany), configured for simultaneous measurement of chlorophyll fluorescence (MINI-PAM, Walz, Effeltrich, Germany). The relative humidity of air entering the cuvette was set at 60%, and air and cuvette temperature was 25 °C. The CO 2 partial pressure was set at 370 µbar bar −1 . Measurements were carried out at a photosynthetic photon flux density of 300 µmol m −2 s −1 using a white light source (KL 1500; Schott, Mainz, Germany). Net CO 2 assimilation rate (A) and transpiration rate (E) were calculated using the equations of von Caemmerer and Farquhar (1981) . The fluorescence quantum yield of electron transport through PSII (ΔF/F m ) was estimated by dividing the difference between the maximum fluorescence (F m ) and the steady-state fluorescence (F s ) in the illuminated leaf (ΔF = F m − F s ) by F m , as reported in Genty et al. (1989) . Chlorophyll fluorescence quenching parameters were calculated according to Schreiber et al. (1986) . The efficiency of PSII (F v /F m ) was estimated with a Plant Efficiency Analyser (PEA, Hansatech, King's Lynn, Norfolk, UK) from the ratio of variable (F v = F m -F o ) to maximum fluorescence (F m ) measured on 30 min dark-adapted leaves.
Analysis of thiols and PCs
Mature leaf samples were homogenized with liquid N 2 in 3 volumes of extraction buffer (0.1 N HCl, 1 mM EDTA, 40 mg/ml PVPP) and centrifuged (15,000 rpm) for 25 min at 4 °C. Supernatant aliquots (100 µl) were mixed with 150 µl of 0.2 M HEPES and 25 µl of 3 mM DTT, and pH value was corrected to 8 with 2 N NaOH. After 1 h of dark incubation at room temperature (r.t.), 15 µl of 30 mM monobromobimane was added and the mixture was incubated in darkness for 15 min at r.t., supplied with 75 µl of 10% acetic acid to stop the reaction, centrifuged (15,000 rpm) for 5 min at 4 °C, filtered (0.2 µm) and injected in an HPLC system (Beckman-Coulter, Fullerton, CA, USA). Thiols and PCs were separated on a C18 reverse phase column (250 × 4.6 mm, 5 µm pore size (Grace Davison, Deerfield, IL, USA). Elution was performed using a linear gradient (A = MeOH with 0.25% acetic acid, pH 4.3; B = H 2 O with 0.25% acetic acid, pH 4.3) as follows: 90-60% B for 15 min, 60-20% for 5 min, 20-90% for 1 min, re-equilibration in 90% B for 5 min, at a flow rate of 1 ml min −1 . Quantification was performed with a Jasco fluorescence detector (mod. FP 2020 Plus, Tokyo, Japan, excitation 380 nm, emission 480 nm). Chromatograms were recorded and integrated by the 32 Karat™ software 5.0 (Beckman-Coulter, Fullerton, CA, USA). Identification of thiols (Cys, γGlu-Cys, GSH) and PCs was performed by comparison to the retention time of standard thiols (Sigma, St Louis, MO, USA) and standard PCs purified by Silene vulgaris (Moench).
Sequence analysis of candidate genes
The complete sequence of candidate genes was retrieved from the genomic sequence database (version 1.1) of Populus trichocarpa (http://genome.jgi-psf.org/Poptr1_1/Poptr1_1.home. html) for glutathione reductase (GR) and ascorbate peroxidase (APX), involved in response to oxidative stress, and metallothionein (MT) and glutathione S-transferase (GST) involved in Cd detoxification. Because Populus species experienced extensive gene duplication events, the presence of paralogs was checked for each candidate gene. These sequences were used to design primers using Vector NTI Advance 10.3.0 software (Invitrogen, San Giuliano Milanese, MI, Italy) (see Table S1 available as Supplementary Data at Tree Physiology online). The polymerase chain reaction (PCR) products of all genes were purified with the QIAquick PCR purification kit (Qiagen, Milan, Italy) and sequenced (sequencing facility of Eurofins MWG Operon, Ebersberg, Germany). The P. nigra sequences obtained were analyzed for a functional annotation with BLASTn software (Zhang et al. 2000) against the non-redundant (nr) viridiplantae sequence database (version 2.2.24).
RNA isolation and cDNA synthesis
Gene expression analyses were performed in mature leaves from control and Cd stress plants harvested at the end of the experiment. Leaves were immediately frozen in liquid nitrogen and stored at −80 °C until analysis. Three biological replicates were used for the analysis. Total RNA was extracted from around 100 mg of powdered tissues as described by Chang et al. (1993) until the first precipitation of RNA. Then, RNA was purified by the RNA Cleanup protocol of the RNeasy Plant Mini Kit (Qiagen, Milan, Italy). The optional DNaseItreatment was performed to eliminate DNA contamination. RNA concentration was measured by the Qubit fluorometer according to the manufacturer's instructions (Invitrogen, San Giuliano Milanese, Italy). For each sample, 5 µg of total RNA was used for firststrand cDNA synthesis, with oligodT primers and the M-MLV RT reagent kit (Invitrogen, San Giuliano Milanese, Italy) according to the manufacturer's recommendations.
Gene expression analyses
The semi-quantitative reverse transcriptase (RT)-PCR reactions were performed in 20 µl containing cDNA equivalent to 20 ng of total RNA, 0.25 µM of both forward and reverse specific primers (see Table S1 available as Supplementary Data at Tree Physiology online), 0.2 mM of each deoxyribonucleotide triphosphate (dNTP), 0.4 U Taq DNA polymerase (GE Healthcare, Milan, Italy), 2 µl of 10× Taq-specific reaction buffer and 2.25 mM MgCl 2 . Thermal cycling was as follows: 1 cycle of 3 min at 94 C, 25 cycles of 30 s at 94 °C, 45 s at annealing temperature (56 °C), 30s at 72 °C, and 1 cycle of 1 min at 72 °C. Eight microliters of reaction were separated by electrophoresis in 2% agarose gel (0.5 × TBE buffer system) and visualized by ethidium bromide staining. Ubiquitin was used as reference gene and the respective primers were designed according to Brunner et al. (2004) .
The quantitative real-time RT-PCR analyses were carried out using iQ SYBR Green Supermix (Bio-Rad, Italy) in an iQ5 thermo cycler (Bio-Rad, Segrate, Italy). Real-time PCR reactions were performed in 15 µl with cDNA equivalent to 20 ng of total RNA and 0.45 µM of both forward and reverse specific primers (see Table S1 available as Supplementary Data at Tree Physiology online). The thermal cycling conditions were 95 °C for 10 min, followed by 40 cycles of 95 °C for 30 s, 56 °C for 45 s and 72 °C for 30 s. At the end of each reaction, a melting curve was generated to check the presence of a single PCR product. All samples were measured in triplicate. The amplification efficiency (E) was calculated with LinRegPCR software (Ramakers et al. 2003 ) based on the linear regression analysis of fluorescence data from the exponential phase of PCR amplification. The arithmetical mean of E values of all samples was entered in the iQ5 2.0 software (Bio-Rad, Segrate, Italy) to calculate the normalized relative expression mean of the genes. The reference gene used for normalization was ubiquitin.
Statistical analysis
Data were subjected to two-way analysis of variance using SPSS software (SPSS, Chicago, IL, USA) supplemented with multiplecomparison tests of the means using the least significant difference method (LSD) with a significance level of P < 0.05. The data refer to a single typical experiment with six plant replicates. For the molecular analysis, three replicates were analyzed and at least two technical replicates were performed.
Results
Leaf biomass, cadmium concentration and tolerance index
Leaf biomass, cadmium concentration and tolerance index (Ti) in leaves, measured at the end of the experiment in plants of genotypes Poli and 58-861 grown in the presence of 0 µM (control) and 50 µM CdSO 4 , are reported in Table 1 . Cadmium treatment reduced leaf dry mass in comparison to control in genotype 58-861, while there was no effect on this parameter in genotype Poli (Table 1) . Nevertheless, Cd concentration in leaves of the two genotypes was not significantly different. Differences in Cd tolerance between the two genotypes were further confirmed by the analysis of Ti in leaves. In fact, genotype Poli showed a Ti value more than double with respect to 58-861 (Table 1) .
Leaf gas exchanges and chlorophyll fluorescence
Leaf gas exchanges and chlorophyll fluorescence, measured at the end of the experiment in plants of genotypes Poli and 58-861 grown in the presence of 0 µM (control) and 50 µM CdSO 4 , are reported in Table 2 . Cadmium treatment reduced net photosynthesis (A) in comparison to control in both genotypes (Table 2) . Nevertheless, in genotype Poli the assimilation rate decreased only by around 30%, while in genotype 58-861 it was reduced by around 70% with respect to control. Cadmium treatment also negatively affected the transpiration rate (E) of both genotypes (Table 2 ). However, in genotype Poli the transpiration rate decreased by ~50%, while in genotype 58-861 it was reduced by ~75% with respect to control. Chlorophyll fluorescence results showed that the efficiency of PSII (F v /F m ) was not affected by Cd treatment (Table 2) . On the contrary, the fluorescence quantum yield of electron transport through PSII (ΔF/F m ) was affected by Cd treatment. In particular, Cd-treated plants of genotype 58-861 showed a value of ΔF/ F m significantly lower than Poli (Table 2) . Photochemical quenching and NPQ of fluorescence were also affected by Cd treatment (Table 2) . These fluorescence parameters varied between genotypes due to Cd exposure, in accordance with the observed values of photosynthesis and energy dissipation.
Sequencing of PCR fragments and BLAST analysis
The primers designed on the P. trichocarpa genes successfully amplified P. nigra genes and differentiated the gene copies of APX and GR genes. The specificity of amplification was verified by sequencing of PCR fragments, and the identity of each sequence was confirmed by the BLAST analysis. The sequences of P. nigra isolated in this study are very similar to metallothionein 2a (MT2a) of P. trichocarpa × Populus deltoides (97% nucleotide identity), ascorbate peroxidase 2 (APX2) of Arabidopsis thaliana (78-79% nucleotide identity), glutathione reductase 2 (GR2) of P. trichocarpa (97-96% nucleotide identity) and GSTF4 of P. trichocarpa (98% nucleotide identity) (see Table  S2 available as Supplementary Data at Tree Physiology online). Thus, the P. nigra genes identified were classified according to Populus. 
Analysis of gene expression
The transcript level of all candidate genes was analyzed in mature leaves of the two genotypes grown in the presence of 0 µM (control) and 50 µM CdSO 4 , collected at the end of the experiment (Figure 1) . The results of semi-quantitative RT-PCR revealed only one gene, GSTF4, with a large fold change of transcript level in response to Cd and a markedly different pattern between genotypes. The expression of MT2a was constant under Cd stress for the two genotypes. The other genes, APX2-1, APX2-2, GR2-1 and GR2-2, did not clearly discriminate the genotypes and presented a smaller variation of transcript level in response to Cd, which was significant only for GR2-1 in 58-861. There was no difference of expression pattern between the gene copies. A real-time RT-PCR analysis was performed to validate semiquantitative RT-PCR and quantify the transcripts of the gene GSTF4. In control plants, the transcript level of GSTF4 was much lower in Poli than in 58-861 (by 79%). The transcript level of GSTF4 decreased (by 45%) in 58-861 in response to Cd stress, whereas it increased (by 114%) in Poli (Figure 2e ).
Analysis of thiols and PCs
The content of thiols and PCs in leaves of the two poplar clones is presented in Figure 2 . In control plants, cysteine (Cys) content (Figure 2a ) was lower in 58-861 with respect to Poli, whereas a strong enhancement of this thiol in the former genotype and a slight decrease in the latter occurred in Cd-treated plants. In control plants the content of γ-glutamylcy stein (γ-EC) (Figure 2b ) was higher in Poli with respect to 58-861. The exposure to Cd caused a marked reduction of γ-EC in Poli, whereas no effect was ascertained in 58-861. Similar to the other thiols, GSH content (Figure 2c ) was higher in Poli with respect to 58-861 in control plants, whereas in Cd-treated plants a slight decrease and a strong induction was observed in Poli and 58-861, respectively. Figure 2d shows that in control plants total PCs content was markedly higher in 58-861 than in Poli. Cadmium treatment did not affect PCs content in 58-861 while it caused a strong increase in Poli.
Discussion
The study of natural variation in response to Cd stress could help unravel key genes and alleles involved in tolerance to this Table 2 . Leaf biomass (gdw), net photosynthesis (A), transpiration rate (E), maximal quantum efficiency (F v /F m ), quantum yield (F/F m ) of electron transport through photosystem II (PSII) and quenching coefficients (qP and NPQ) measured in plants of P. nigra genotypes Poli and 58-861 grown for 3 weeks in the presence of 0 µM (control) and 50 µM stress (Lefebvre et al. 2009 ). For that, two P. nigra genotypes originating from contrasting environment with highly divergent phenotypes were analyzed. These genotypes already showed different responses to drought and Cd stress (Regier et al. 2009 , Zacchini et al. 2009 , Cocozza et al. 2010 , Pietrini et al. 2010 ); thus they can be considered a valuable plant material to discover tolerance mechanisms by a comparative approach. After 3 weeks of exposure to Cd, we observed very close Cd accumulation in leaves of the two genotypes, but significant differences in leaf performance and tolerance index. Therefore, we investigated the expression of candidate genes involved in detoxification-sequestration mechanisms, which could explain the different effects of Cd observed in the two genotypes.
Effects of Cd treatment on photosynthetic capacity and plant growth
One of the main symptoms of heavy metal stress in plants is the reduction of biomass production (Pál et al. 2006 , Gu et al. 2007 , Kieffer et al. 2009 ). In the present study, Cd concentration in leaves was similar in the two genotypes and rather low relative to other Populus species exposed to Cd in hydroponics (Dos Santos Utmazian et al. 2007 , Zacchini et al. 2009 , Pietrini et al. 2010 . Nevertheless, the southern genotype Poli showed a better adaptation to Cd than the northern genotype 58-861. Actually, the leaf biomass of Poli was not affected by the treatment and its leaf tolerance index was twofold higher than in 58-861. These data indicate that the two genotypes had a different strategy of response to Cd stress. Leaf gas exchanges and chlorophyll fluorescence parameters can explain the differential effect on biomass. Photosynthetic assimilation was much more reduced by Cd in genotype 58-861 (70%) than in Poli (30%). Previous experimental studies report that Cd disturbs plant photosynthesis in many ways with a negative effect on chloroplast ultrastructure, synthesis of chlorophyll, carotenoids and plastoquinone, electron transport, activities of Calvin cycle enzymes and CO 2 supply due to stomatal closure (Seregin and Ivanov 2001, Pietrini et al. 2010) . Our experimental results show that several of these mechanisms were affected in the P. nigra genotypes under study.
Transpiration was significantly reduced by Cd treatment in both genotypes but the effect was stronger in 58-861 (75% reduction versus 50% in Poli). The exposure of roots to Cd can Figure 2 . Scheme of the glutathione pathway and changes induced by Cd in leaves of P. nigra genotypes Poli and 58-861. Plants were grown for 3 weeks in hydroponics at 0 µmol (control) and 50 µmol CdSO 4 . Content of thiols (Cys (a); γ-EC (b); GSH (c)), total phytochelatins (d), average of six plants ±SE and transcript level (e) of glutathione S-transferase (GSTF4) gene (average of three plants, ±SE) are presented. Different letters above the bars indicate significant differences (P ≤ 0.05, LSD test). γ-ECS, γ-glutamylcysteine synthetase; GS, glutathione synthetase; PCS, phytochelatin synthase.
trigger abscisic acid signalling from roots to leaves, leading to stomatal closure and decrease of transpiration (Seregin and Ivanov 2001, Pál et al. 2006) . Zacchini et al. (2009) observed that genotype 58-861 accumulated around twofold more Cd in roots when compared to Poli and other Populus genotypes. A high Cd concentration in roots could impair their functionality and lead to water stress, despite the hydroponics condition. This could explain the very low transpiration of genotype 58-861 (0.75 mmol H 2 O m −2 s −1 ) and its lower assimilation. Consistent with these results, previous studies on the same genotypes showed that Poli was more tolerant to drought than 58-861 (Regier et al. 2009 ).
Under stress conditions an excess of ROS builds up in mesophyll cells, which can damage PSII by inhibition of its repair (Nishiyama et al. 2006 , Murata et al. 2007 ). Based on our experimental data, we cannot ascertain whether Cd induced ROS in P. nigra leaves. However, the analysis of chlorophyll fluorescence indicates that Cd treatment did not cause PSII damage by oxidative stress. The results of chlorophyll fluorescence revealed a significant effect of Cd on photoinhibition, with reduction of electron transport, but the chloroplast ultrastructure did not seem damaged. Actually, the variable fluorescence ratio (F v /F m ) was constant in control and Cd-treated plants. These results are consistent with those reported by Kieffer et al. (2009) in Populus tremula L. submitted to Cd stress. Photoinhibition depends on the balance between photodamage to PSII, which is a light-dependent event, and the repair of such damage (Nishiyama et al. 2006 , Murata et al. 2007 . The low light intensity in the growth chamber (300 µmol m −2 s −1 ) probably did not accelerate the photodamage of light to PSII (Murata et al. 2007 ). The quantum yield of electron transport (ΔF/F m ) was more negatively affected by Cd treatment in 58-861, and quenching coefficients (qP and NPQ) were consistent with this trend. The increase of the NPQ process prevents oxidative damage by dissipating excess energy as heat (Nishiyama et al. 2006 , Murata et al. 2007 ). The differential inhibition of electron transport could contribute to the different photosynthetic assimilation of the two genotypes. As observed by Pietrini et al. (2010) , in an independent experiment with the same genotypes, F v /F m was not related to Cd tolerance.
Screening of pathways by expression of candidate genes
In order to unravel the physiological basis of the different response to Cd stress, we investigated Cd-related pathways by a molecular and biochemical approach. We screened the effect of Cd on different pathways by analyzing the expression of some candidate genes: glutathione reductase (GR2) and ascorbate peroxidase (APX2), involved in response to oxidative stress; metallothionein 2a (MT2a) and glutathione S-transferase F4 (GSTF4), involved in Cd detoxification.
Semi-quantitative RT-PCR did not show marked changes of GR2 and APX2 transcripts in response to Cd treatment. These data suggest that these ROS detoxification pathways were not induced by Cd. Similar results were found in Pisum sativum L. (Romero-Puertas et al. 2007) , Sedum alfredii Hance (Jin et al. 2008) and different Populus species (Arisi et al. 2000, Stobrawa and Lorenc-Plucinska 2007) , where APX and GR did not present a clear relationship between the presence of Cd and the enzyme activity or accumulation of transcripts. However, APX and GR have several enzyme isoforms that are encoded by multigene families (Teixeira et al. 2005 , Najami et al. 2008 . Thus other APX and GR genes not tested here could respond in different ways.
Metallothionein transcription can be induced by several factors, such as hormones, cytotoxic agents and metals, including Cd. Metallothioneins are proteins that can bind heavy metals and may play a role in their intracellular sequestration (Clemens 2001 , Yang et al. 2005 . In poplar, Kohler et al. (2004) identified six different MTs, which are constitutively expressed, and supported the hypothesis that MTs participate in metal homeostasis and tolerance. In our study MT2a transcripts were constantly expressed in leaves, as found by Kohler et al. (2004) . This expression pattern suggests that MT2a does not play a major role in response to Cd stress in our experimental conditions and does not explain the different behavior of the P. nigra genotypes.
Among the candidate genes tested, GSTF4 was markedly affected by Cd stress and differentially expressed between the genotypes. This result was confirmed by real-time PCR. In plants, GSTs are a superfamily (53 genes identified in A. thaliana and 81 in P. trichocarpa) of multifunctional proteins, divided into seven classes: theta, zeta, phi, tau, lambda, glutathione-dependent dehydroascorbate reductase (DHAR) and tetrachlorohydroquinone dehalogenase , Lan et al. 2009 ). The main function of GSTs is to catalyze the conjugation of GSH with compounds containing an electrophilic center, to form more soluble, non-toxic peptide derivatives ready to be excreted or compartmentalized. Glutathione S-transferases can also serve as peroxidases, isomerases and thiol transferases and for the binding of non-substrate ligands and modulation of signalling process , Wagner et al. 2002 , Frova 2006 , Lan et al. 2009 ). Glutathione S-transferase expression is regulated mainly at the transcriptional level and induced by a wide range of agents or stresses, including heavy metals, pathogens, hydrogen peroxide, heat shock and hormones (Frova 2003 , Theodoulou et al. 2003 . Genotype Poli showed a GSTF4 expression pattern as expected, with an induction in response to Cd treatment. The up-regulation of GSTF4 could contribute to Cd detoxification by forming conjugates with GSH. On the contrary, in 58-861 the expression of GSTF4 was down-regulated by Cd treatment. Genotype 58-861 likely did not favor this way of responding to Cd. The opposite regulation of GSTF4 expression indicates that GST is clearly involved in the differential response to stress of the two genotypes. To better understand these mechanisms, the glutathione-related pathways were investigated by measuring the content of thiols and PCs in the two genotypes.
Role of GSH and PCs in Cd tolerance
The content of thiols and PCs discriminated the biochemical response of the two genotypes and was consistent with expression of the GSTF4 gene (Figure 2 ). Molecular and biochemical data define two different strategies for response to Cd. In the leaves of genotype Poli, PCs strongly accumulated in response to Cd, while all PC precursors, i.e. cysteine (Cys), γ-EC, and GSH decreased. This indicates that precursors were consumed for de novo synthesis of PCs. A reduction of GSH in response to Cd was previously observed in P. sativum (Romero-Puertas et al. 2007) . Metals can induce the synthesis of new PCs (Clemens 2006) . The increase of PCs and reduction of GSH are good conditions for tolerance to Cd (Mendoza-Cózaltl and Moreno-Sánchez, 2006) . Glutathione is a substrate of GST activity for conjugation and sequestration of metals in the vacuole (Grzam et al. 2006) . In genotype Poli, the decrease of GSH was concomitant with the up-regulation of the GSTF4 gene, which can be useful for Cd conjugation. Phytochelatins form complexes with Cd in the cytosol and inactivate the toxic ions (Clemens 2001) . The better tolerance of genotype Poli indicates that the regulation of GSH-related pathways was effective in adapting to Cd. An induction of PCs associated with a higher tolerance to Cd in genotype Poli compared with genotype 58-861 was also found in callus cultures by Iori et al. (2011) .
In genotype 58-861, the pattern of PCs and thiol content was almost opposite to that in genotype Poli. Phytochelatins did not vary in response to Cd and were high in both control and stressed leaves. Glutathione and Cys strongly accumulated in Cd-treated plants. The high level of PC precursors is consistent with no de novo synthesis of PCs. The accumulation of Cys could be explained by the high GSH content, since the conversion of Cys into γ-EC is feedback-inhibited by high GSH concentration (Mendoza-Cózaltl and Moreno-Sánchez 2006) . Glutathione accumulation could be related to reduction of downstream utilization. Actually PCs did not increase in response to Cd. Moreover, GST expression was down-regulated by Cd, thus reducing GSH consumption by conjugation (Mendoza-Cózaltl and Moreno-Sánchez 2006) . Overall, these data indicate that this GSH-related pathway was down-regulated by Cd in genotype 58-861. However, it has been found that some GSTs of the phi class, such as GSTF4, co-localized with flavonoids, and it has been proposed that these GST members are involved in flavonoid binding. In fact, GST and the GSH-related pathway also have a role in secondary metabolism (Dixon et al. 2010 ). This could explain the differences between genotypes in the control condition. Genotype 58-861 could use this pathway in another way and its response to Cd stress was less effective than that of genotype Poli, as demonstrated by physiological analyses (growth and photosynthesis).
Conclusion and perspectives
The comparative analysis of P. nigra genotypes originating from contrasting environments uncovered differential response to Cd stress and identified mechanisms involved in intraspecific variability. The southern genotype, Poli, was more Cd tolerant than the northern genotype, 58-861. The physiological results showed different adaptation strategies to Cd stress, and biochemical and molecular results revealed the different regulation of GSH-related pathways. The different tolerance of the two genotypes could be linked to the ecological conditions of their site of origin. The dry and hot climate of Poli provenance could have selected adaptive traits to cope with abiotic stresses, which could be useful for Cd tolerance. The large intraspecific variation makes it difficult to draw physiological models valid for the species and emphasizes the importance of exploring the natural variation of biological processes also in model species such as poplar. This aspect is being investigated more and more in Arabidopsis, in which most physiological studies have been carried out on few ecotypes (Lefebvre et al. 2009 ). Traits and biological processes with wide genetic variation are amenable to a quantitative genetic approach. Adaptation to heavy metals is the result of complex networks and different mechanisms with a multigenic basis. The available genetic variability for tolerance traits, together with a genetic approach, opens perspectives to identify genome regions and candidate genes for Cd tolerance by quantitative trait locus mapping. The natural germplasm of this species represents a valuable resource for understanding tolerance to Cd and for selection of plant material for phytoremediation.
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